Magneto-optical signatures of a cascade of transitions in Lai 875Bao.i25Cu04 
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Recent experiments on the original cuprate high temperature superconductor, La2_a;Baj;Cu04, 
revealed a remarkable sequence of phase transitions [l|]. Here we investigate such crystals with 
polar Kerr effect which is sensitive to time-reversal-symmetry breaking. Concurrent birefringence 
measurements accurately locate the structural phase transitions from high-temperature tetragonal 
to low temperature orthorhombic, and then to lower temperature tetragonal, at which temperature 
a strong Kerr signal onsets. Hysteretic behavior of the Kerr signal suggests that time-reversal 
symmetry is already broken well above room temperature, an effect that was previously observed 
in high quality YBa2Cu3 06+a; crystals [2|. 

PACS numbers: 74.25. Bt, 74.25. Gz, 74.72. Kf, 75.30.Fv 



Of the known high-temperature superconductors 
(HTSG), La2-a;Baj;Gu04, and in particular where x = 
0.125, has provided invaluable information on the in- 
terplay between superconductivity and other competing 
phases. A deep depression in the superconducting phase 
boundary [rc(a;)], centered at a; = 1/8 [l|, y, |j], reveals 
structuralphase transitions and charge and spin stripe 
ordering Q that appear static below ~ 50 K. Despite 
the anticipated competition with global superconductiv- 
ity, recent work on this system has provided evidence for 
the development of strong two-dimensional (2D) super- 
conducting correlations for T < 40 K [ij, |6| , suggesting 
that stripe order may not directly compete with pairing 
correlations within the Cu02 planes, but instead frus- 
trates the Josephson coupling between layers [7|, |8[ , thus 
inhibiting the development of 3D superconducting order. 

Early studies of La2_a:Ba^Cu04 near x = 1/8 revealed 
a sequence of structural phase transitions, first from 
a high-temperature tetragonal (HTT) phase to a low- 
temperature orthorhombic (LTO) phase at Tht ~ 230 K, 
followed by a LTO to LTT (low-temperature tetragonal) 
at Tlt « 54 K [9|, 1iO| . Magnetic correlations found be- 
low Tut were first interpreted as antiferromagnetic (AF) 
order lll-ll4l|. while in more recent studies, localized Cu 
moments were found to dominate the magnetic response 
[l5|, suggesting that charge and spin stripes are being 
formed as a way for local- AF spin correlations to coexist 
with mobile holes in the doped cuprates [a. KLa-llS | . 

The existence of magnetic correlations raises the 
question of whether time reversal symmetry (TRS) 
is broken at any temperature in the phase diagram 
of Lai.875Bao.i25Cu04, whether it is related to the 
structural and stripe-ordered phases observed so far, 
and whether it has any relation to superconductivity 
which appears at lower temperatures. Indeed, TRS- 



breaking (TRSB) effects have been predicted [Tl, |l9|, 
|20| . and observed @, l2l| - |23| in the pseudogap phase 
of HTSC, with the recent observation of a possible 
strong connection between the occurrence of TRSB 
and some kind of charge ordering (CO) in single-layer 
Pbo.55Bii.5Sri.6Lao.4Cu06-i-5 cuprate (BSCO) [22| . 
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FIG. 1: Zero-field cool Kerr effect of a cleaved sample. Here 
we mark i) the LTO to LTT transition, Tlt, which is also 
evident in the second-harmonic data; ii) the onset of CO, Tco ; 
the onset of spin ordering, Tso; and the temperature below 
which superconductivity is established in the a-b plane, Tsc. 
The location of Tco, Tso, and Tsc are taken from Li et al. 
[3|. Susceptibility (dotted line) was measured on the same 
crystal at a magnetic field of 1 T applied in the c-direction, 
and is identical to the data in ref. [isll. 



In this letter we present optical-birefringence and 
magneto-optical (MO) data on Lai.875Bao.i25Cu04 sin- 
gle crystals. The intensity of two circularly polarized 
light beams interfering at the detector, proportional to 
the change in the birefringence of the sample, accurately 
locate the structural phase transitions at Tht and Tlt, 



while a strong Kerr signal onsetting at Tlt indicates 
that TRS is evidently at least broken below that tem- 
perature. As shown in Fig. [TJ the Kerr signal increases 
below Tlt, followed by a weak inflection that possibly 
indicates the CO transition Tng [6| (it is usually found 
that Tlt ~ Too for x ~ 1/8 [l5|,) rises to a maximum 
around the spin-order transition Tgo, and decreases to a 
finite value when superconducting correlations are sub- 
stantial (^ 25 K). However, despite the sharp onset of 
the Kerr signal, hysteretic training effects are observed, 
indicating that TRS has been broken at much higher 
temperatures. Similar effect was previously observed in 
YBaaCugOe+rr (YBCO_K especially close to a; = 1/8 0, 
on single- layer BSCO [22|, and has recently reported on 
similar Lai. 875Bao.i25Cu04 crystals by Li ei o/. [2J|- O^i" 
results, together with the detailed magnetic studies on 
similar crystals jl5| . may point to a unique magnetic 
structure in the material that is strongly altered when 
CO occurs, so as to allow the Kerr effect to be visible. 

The crystals studied here were grown in an infrared 
image furnace by the floating-zone technique. Some are 
pieces from the same crystals used previously to char- 
acterize the optical conductivity [25| , photoemission and 
scanning tunnehng spectroscopy (STS) |26|, magnetiza- 
tion [ISj . and magnetic excitations [27[. In particular, the 
charge-stripe order has been characterized previously by 
soft x-ray resonant diffraction [28[ . Six crystals have been 
studied to date, of which one large crystal was cleaved 
into several smaller pieces, and three were measured sepa- 
rately. All crystals showed qualitatively similar behavior, 
but with different strength of the effect. While the struc- 
tural phase transitions have been located to within 0.2 K 
in all crystals, the CO transition varied within 4 K below 
the LTO to LTT transition, and the SO transition var- 
ied over a wider range as discussed below. In this paper 
we show data on the crystal with the strongest Kerr and 
birefringence response. Measurements were taken on nu- 
merous locations, spread all over the face of the cleaved 
crystal. Hard x-ray scattering studies of the electronic 
and lattice modulations associated with stripe order in 
this same crystal confirmed that it has the sharpest LTT 
transition of all the samples looked at by this technique. 
It also shows the strongest scattering both from the LTT 
peak and the CO peak. It is believed that this crystal 
was grown with minimal composition gradient and has 
no "dead layers" at its high quality cleaved surface [29| . 
Other polished, or "less clean" cleaved crystals showed a 
signal about five to eight times smaller, but with other- 
wise similar temperature dependencies. 

MO effects are described within quantum theory as the 
interaction of photons with electron spins through spin- 
orbit interaction [30[ . Macroscopically, linearly polarized 
light that interacts with magnetized media can exhibit 
both ellipticity and a rotation of the polarization state. 
The leading terms in any MO effects are proportional to 
the off-diagonal part of the ac conductivity: axy{uj) = 



(t' [ijj) + ia''{uj), through the asymmetry between the 



'xy 



complex indices of refraction for right and left circularly 
polarized light (n^ ^ fi]^). In normal- incidence reflec- 
tion, the linear polarization will rotate by the so-called 
Polar Kerr angle: 6k = — Im{(nL— ^r)/(^l'^r — 1)} [3 If . 
which also suggests that the interference of two circularly 
polarized beams with opposite circular polarizations, re- 
flected from a TRSB sample, contains a phase shift which 
is proportional to Ok- Using the zero-area Sagnac Inter- 
ferometer we can extract this phase shift with shot-noise 
limited sensitivity at optical power as low as 3 /iW, while 
rejecting all reciprocal effects which do not break TRS 
321 1331 . In addition, since a circularly polarized light 
impinging on a birefringent sample becomes elliptical, 
by monitoring the amount of ellipticity of the reflected 
beam through measurement of the second harmonic sig- 
nal of the interferometer, V2U1 3^, |33|, we could obtain 



the change in birefringence of the sample |3J| . Figure [2] 
shows a scan of V2uj as a function of temperature. As we 
cool the sample down, the signal first shows a very weak 
temperature dependence as expected from a tetragonal 
phase [3^. At Tht — 230.8 K the amplitude changes 
indicating the emergence of linear birefringence in the 
sample. Clearly this change is expected when the sam- 
ple undergoes a phase transition to the LTO phase. The 
birefringence continues to change as the temperature is 
lowered. Cooling the sample further, the birefringence 
of the sample exhibits an abrupt drop at Tlt = 53.7 K, 
coincidence with the LTO to LTT transition, which was 
previously shown to be first-order [9|, llO|. Indeed, the 
sharpness of the transition and its hysteretic behavior 
(see inset of Fig. ^ confirm that we correctly located 
this transition with our optical measurement. Further- 
more, the weak temperature dependence below Tlt is 
again expected from this tetragonal phase [3J|. 
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FIG. 2: Second-harmonic signal of our apparatus detecting 
evolution of the birefringence in the a-b plane of the sample. 
Arrows mark the second-order transition from HTT to LTO 
at Tht = 230.8 K, and the first-order transition from LTO to 
LTT at Tlt ~ 53.7 K (see text). Inset shows a blow up of 
the middle of the first-order transition, taken at lower power, 
and at three different cycle rates. Clearly the higher the rate, 
the larger is the hysteresis in the birefringence of the sample. 

Having established the fact that our apparatus indeed 



observes the relevant structural phase transitions, we 
turn back to Fig. [TJ Concentrating on the low temper- 
ature part of the data, we notice that the Kerr effect 
is very small (practically zero) above Tlt- However, at 
Tlt the Kerr signal starts to increase rapidly (we show 
the birefringence signal for reference to mark the loca- 
tion of the transition). The Kerr signal further experi- 
ences a weak kink at Tap ~ 50 K, which when compared 
to Tranquada et al. [61 coincides with the CO transi- 
tion. The signal continues to rise to a maximum that 
in different samples is found between 25 K and 40 K, 
which we will identify as the spin-order transition Tso 
[6|. We further find that the stronger the Kerr signal 
(in different samples), the closer to 40 K is the SO peak. 
The signal levels below Tgc ^ 25 K, which marks the 
temperature where in-plane superconductivity is estab- 
lished pj, y . Susceptibility measured on the same sample 
(shown in Fig. [1]) is identical to previously measured sus- 
ceptibility on Lai.875Bao.i25Cu04 [l5|, and confirms the 
location of the transition temperatures identified with the 
Kerr effect. It is important to note a few interesting ob- 
servations: i) The Kerr effect onsets at a structural phase 
transition, which in principle does not break TRS, ii) The 
Kerr signal starts to decrease below the spin-order tran- 
sition, suggesting that if the Kerr effect originates from 
the local Cu-spins, they order in some antiferromagnetic 
fashion below Tso, hi) there is a finite Kerr effect in the 
superconducting state below Tgc- 

The first point, which is reminiscent of our previous 
studies of Kerr effect in YBa2Cu306-i-x [2[, is the most 
puzzling one since there is no obvious reason why TRSB 
will coincide with the structural phase transition. Thus, 
to obtain further insight into the relation between the two 
effects, we attempted to train the sign of the TRSB with 
a magnetic field applied along the c-axis through Tlt- If 
indeed TRSB is broken only below Tlt, the applied field 
would reverse the sign of the Kerr effect. Fig. |3] is an 
example of such an attempt. For calibration, the sample 
was first cooled in zero field to 5 K, and both, Kerr effect 
and birefringence were measured while warming up to 
140 K. A magnetic field of +A T was then applied at 
140 K, and the sample was cooled in that field to 5 K. 
The magnetic field was removed at 5 K and the sample 
was measured when warming up at earth field (< 0.4 Oe). 
At the end of this cycle a magnetic field of —4 T was 
applied and the sample was cooled in that field to 5 K, 
where again, the magnetic field was removed, and the 
sample was measured when warming up at earth field. 

A close examination of the training results show that 
a field of 4 T, applied at 140 K could not fully reverse 
the sign of the Kerr effect, despite being applied much 
above the onset temperature of the Kerr signal. However, 
changing the cooling field from -|-4 T to —4 T resulted in 
a reduction of about 20% of the signal. A strong effect 
of the field is seen, though, when we look at the Kerr re- 
sponse below Tsc- Here we believe that trapped vortices 
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FIG. 3; Training effect for a LBCO crystal. Inset shows the 
schedule of training: the field was turned on to Ht at To, 
the sample was then cooled in a field to 4 K, the field was 
turned off at 5 K, and the sample was measured at zero field 
while warmed up. (a) Zero-field-cool: To — Room Tempera- 
ture (RT) and Ht = 0; (b) succeeded (a) where To = 140 K 
and Ht = -1-4 T; (c) succeeded (b) where To = 140 K and 
Ht — —4 T. Vertical dashed line is the low field irreversibility 
temperature, indicating that when turning the field to zero 
at low temperatures, fiux is trapped as is evident from the 
response below ~ 25 K in (b) and (c). 



provide the signal which correlates with the direction and 
magnitude of the applied magnetic field (cooling at lower 
field shows smaller deviation of the Kerr signal from the 
flat zero field cooled one.) Subsequent studies in which 
wc warmed the sample to room temperature (RT) to ap- 
ply the ±4 T did not change much the magnitude of the 
measured Kerr signal. 

The above analysis implies that TRS has been bro- 
ken much above RT. Thus, we set up the experiment 
described in Fig. [J] Here we warmed the sample to 
400 K, applied a magnetic field of ±4 T, cooled to RT, 
and transferred the sample to the Kerr apparatus to be 
measured down to 5 K at zero magnetic field (remnant 
< 3 mOe.) While the zero field and -1-4 T are basically 
identical, there is a very strong reduction, of about 70% 
of the signal, when we applied a field of —4 T, oppos- 
ing to the sign of the Kerr effect. This strongly suggests 
that if we could apply a higher field, or apply the field at 
much higher temperatures, we could reverse the sign of 
the effect. Thus, similar to our conclusion in the study 
of YBa2Cu306-i-a; 0, we speculate here as well that TRS 
was broken at much higher temperatures. Note that since 
we did not cool the sample in a field below Tgc, no vortex 
effect is observed in this experiment. 

Evidence for TRSB in LajS75Bao.i25Cu04 was re- 
cently reported by Li et al. [2J|, showing the existence 
of a large, anomalous Nernst signal below Tlt ^ Tco 
that is symmetric in magnetic field H, and remains fi- 
nite as iJ — ;■ 0. However, despite the sharp onset of the 
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FIG. 4: Training effect for a LBCO crystal at liigh tempera- 
tures. Sample was first cooled in zero field to 5 K, and was 
measured warming up to RT (a). Sample was then warmed 
up to 400 K , then cooled down to RT in a field of +4 T, 
followed by cooling in zero field to 5 K, and then measured 
warming up to RT (b). The same procedure was repeated but 
with a field of —4 T (c). We also show the second-harmonic 
that is proportional to the birefringence of the sample. 



effect, and the tracking of the various characteristic tem- 
peratures with the Nernst signal, attempts to force the 
system into a particular "sign" of TRSB failed. In partic- 
ular, Li et al. were searching for an open-loop hysteretic 
dependence between -1-14 and — 14 T both above and be- 
low Tsc but could not alter the sign of the effect. Similar 
to our Kerr effect results, these observations also suggest 
that TRS has been broken at a much higher temperature. 

Earlier studies of Hall effect |3£ 
Knight shift 



susceptibility [36[ and 
37[ in the sister material La2-xSra;Cu04, 
indicate a characteristic temperature that for x ~ 1/8 is 
around T* ?s 530 K, where La2-xBaa;Cu04is expected to 
show similar behavior. Recent studies of the magnetic ex- 
citations in Lai.875Bao.i25Cu04 provide strong evidence 
for dynamic stripes that persist to high energies [381 . It 
is therefore reasonable to speculate that TRS breaking 
occurs on this scale as well, possibly at a temperature 
where dynamic stripes develop substantial correlations. 
Below Tlt ^ Tco ~ 54 K, where CO correlations appea r 
accompanied by static magnetic order jll[ - ll5l |. 



la, 129|, accompanied by static magnetic order (11 
and strong elastic spin scattering [6[. At this point, while 
the Kerr signal detects a fc = component of any relevant 
order parameter, and thus cannot by itself give any clues 
concerning the character of the putative density wave or- 
der that was used to explain a variety of novel results 
in the cuprates, including the Fermi pockets detected in 
quantum oscillation experiments [4l| , the present results 
do, however, support the previous conjecture that the 
Kerr signal rides on top of a charge ordering transition, 
thus, indicating strong changes in spin-orbit interaction 
through that transition, and/or change in crystal sym- 
metry, e.g. allowing for a possible magnetoelectric ef- 



fect [42|. CO is then followed by spin-ordering within 
the stripe phase at Tso ~ 40 K, below which (< 35 K) 
two-dimensional superconducting fluctuations are found 
[l[ . Global superconductivity appears only at much lower 
temperature, Tc ~ 4 K, which led Berg et al. 0, [H EO] 
to propose a unique pair density wave (PDW) scenario to 
explain the dynamical decoupling of the layers above Tc- 
An important consequence of this theory is that, in the 
presence of weak quenched disorder (see e.g. [6[), the su- 
perconducting phase gives way to a glassy striped phase 
that is characterized by its spontaneous TRSB. The fact 
that we observe a finite Kerr effect at low temperatures, 
which seems to be smoothly obtained from high temper- 
atures and is position dependent, could be evidence for 
the PDW phase [7|. Within this model, the zero-field 
Nernst signal found by Li et al. [2J| , was suggested to be 
due to an array of 2D vortices spontaneously nucleated 
below ^ Tco [22|- Thus, as we have shown that vortices 
contribute to the Kerr effect (see Fig. [3|) , we can estimate 
that the maximum Kerr signal is equivalent to the signal 
of vortices trapped after cooling in ^ 4 T field, which can 
give us an estimate of the internal field of the TRSB. 

In conclusion, our observations clearly highlight the 
connection between magnetic and TRSB effects and 
charge- and spin-ordering in La2_a:BaxCu04 and possi- 
bly in all HTSC. We see that charge order appears to be 
the leading order that both competes and coexists with 
the bulk superconductivity. 
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